1. Introduction
===============

Insomnia symptoms can result in diminished cognitive deterioration, for example, deteriorative attention, memory, and decision making, characterized by prolonged sleep latency, difficulty maintaining or staying asleep as long as desired, with a prevalence of about 20% world-wide.^\[[@R1],[@R2]\]^ However, the major contribution of insomnia to societal burden and economic cost is largely due to its effect on next-day functioning, health, safety, and quality of life.^\[[@R3]\]^ Even worse, insomnia is associated with reduced quality of life, deteriorative attention, memory, and decision making, as well as physical complaints.^\[[@R4]--[@R6]\]^ Long-term insomnia can lead to exaggerated emotional reactivity, somatic responses, and declined cognitive reactivity.^\[[@R7]\]^ Emerging data show that insomnia can increase vulnerability and comorbidity for psychiatric disorders, for example, anxiety and depression.^\[[@R8]--[@R10]\]^ Consequently, development of pharmacological and behavioral therapies requires insight into the neurobiological causes and consequences underlying insomnia.

Most consistent observation across neurophysiological, cognitive, and neuroimaging studies have revealed that insomnia is associated with a hyperarousal state in the development and maintenance of insomnia.^\[[@R2],[@R11]\]^ Liu et al^\[[@R12]\]^ find that healthy participants with insomnia symptoms may have alterations in the fractional amplitude of low frequency fluctuations (fALFFs) of the insular cortex of the salience and thalamus of the hyperarousal network. Apart from the salience and hyperarousal networks, Suh et al^\[[@R13]\]^ report that patients with persistent insomnia symptoms display decreased structural connectivity within regions of the default mode network (DMN), such as the medial frontal gyrus (MFG), anterior cingulate cortex (ACC), and precuneus. A recent review focused on the neural mechanisms of insomnia points out that the alteration of the hyperarousal system (i.e., hypothalamus and brainstem), the reward and salience system (i.e., amygdala, hippocampus, and insula), and the cognitive control system can result in malfunctioning during the wake to sleep transition, sustained sleep difficulties, and cognitive impairment in insomnia.^\[[@R14]\]^ In addition, converging evidence suggests that various core intrinsic connectivity networks are related to insomnia symptoms. Using optimized voxel-based morphometry, Altena et al^\[[@R15]\]^ demonstrate that reduced gray matter volume in the left orbitofrontal cortex is positively associated with insomnia scores in insomnia patients, supporting the reward network as a plausible substrate for the insufficient problem-solving abilities of insomnia. Using combined electroencephalography (EEG) and functional magnetic resonance imaging (fMRI), Chen et al^\[[@R16]\]^ found that the γ ratio power is associated with the blood oxygen level dependent (BOLD) signal in the insula in insomniacs, suggesting that the salience networks may be involved in progressive generation of low-frequency EEG waves as part of the transition to sleep. Further, it has also been found that the gray matter density in the left inferior orbitofrontal cortex bordering the insula is negatively associated with earlier morning awakening in healthy subjects with insomnia symptoms, suggesting that the salience network may be related to the compromised ability to judge thermal comfort.^\[[@R17]\]^ Using tract-based spatial statistics to analyze the integrity of white matter tracts, Li et al^\[[@R18]\]^ observe that the fractional anisotropy in the thalamus and body corpus callosum is associated with the Pittsburgh Sleep Quality Index scores, supporting the notion that white matter tracts related to hyperarousal networks are affected in patients with primary insomnia. The above network abnormalities may in part be due to disruptions in the interhemispheric functional coordination communication between the bilateral cerebral hemispheres.

Resting-state functional magnetic resonance imaging (rsfMRI) has attracted much attention to measure spontaneous neuronal activity without any specific tasks.^\[[@R19]\]^ In contrast to more commonly used functional connectivity analysis based on the correlation analysis between a priori seed points and other brain regions, a recently validated approach termed voxel-mirrored homotopic connectivity (VMHC) analysis allow one to perform correlation analysis between each voxel in one hemisphere and its mirrored counterpart in the opposite hemisphere.^\[[@R20]\]^ VMHC calculates the Pearson correlation between each pair of homotopic voxel low-frequency (0.01--0.08 Hz) spontaneous BOLD fluctuations within whole brain regions.^\[[@R20]\]^ Importantly, homotopic functional connectivity may reflect interhemispheric coordination for integrating the brain functions underlying coherent cognition, emotion, and behavior.^\[[@R21]\]^ This method enables clinicians to gain additional insight into the functional organization of the brain in patients with traumatic axonal injury, depression, heroin-dependence, and sleep deprivation.^\[[@R11],[@R20],[@R22],[@R23]\]^ The purpose of the present study was to analyze the integrity of interhemispheric interactions between healthy participants with insomnia symptoms and healthy participants without insomnia symptoms. We also investigated whether the VMHC measurements are related to clinical scores, for example, sleep disturbance scores, the adjusted Hamilton Depression Rating Scale (HAMD), and Hamilton Anxiety Rating Scale (HAMA) scores.

2. Materials and methods
========================

2.1. Participants
-----------------

This prospective study was approved by the ethics committee of the Shandong Provincial Hospital Affiliated to Shandong University. Fifty-four healthy adult participants (29 females, 25 males, mean age ± SD: 38.26 ± 11.66 years; years of education: 14.30 ± 3.20 years) were recruited in this study and screened by the Non-Patient Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) (SCID). The criteria for healthy participants were as follows: participants who had a current or history of dependence on alcohol or other substance abuse or other Axis I disorders were excluded; 18 to 60 years of age; right handed assessed by the Edinburgh Inventory (Oldfield, 1971); and medication-naïve. The 17-item HAMD and HAMA were also evaluated. The sleep disturbance scores were determined by the sum of 3 HAMD-17 sleep questions, including items 4 (insomnia-early), 5 (insomnia-middle), and 6 (insomnia-late).^\[[@R24]--[@R26]\]^ The healthy participants with insomnia symptoms implies that the number of sleep disturbance scores is greater than 1 and the healthy participants without insomnia symptoms have a score "0" by the number of sleep disturbance scores. To minimize any effect of sleep disturbance on depression severity, adjusted HAMD scores were created by omitting sleep items (questions 4--6) to measure the severity of their depression.^\[[@R25]\]^ We also used HAMA to measure the severity of their anxiety. Though the HAMA also contains insomnia-related items (i.e., items 4), it cannot be considered as the main objective measure of insomnia.

2.2. MRI data acquisition
-------------------------

The images were collected on a 3.0 Tesla MRI system in the Shandong Provincial Hospital Affiliated to Shandong University. Magnetic resonance head coil have 8 channels. A standard bird-cage head coil was used with the head snugly fixed by a belt and foam pads. The rsfMRI images were obtained by a gradient echo-planar imaging (EPI) sequence with the following scanning parameters: time repetition (TR) = 2000 milliseconds, time echo (TE) = 30 milliseconds, flip angle = 90°, field of view (FOV) = 220 mm × 220 mm, in-plane matrix size = 64 × 64, number of slices = 33, slice thickness = 3.5 mm, gap = 0.7 mm, and total 240 volumes. All participants were instructed to keep their eyes closed, not to think about anything, and not fall asleep. For each subject, the overall resting-state scanning process lasted 8 minutes. After scanning, a simple questionnaire was obtained from all the participants to confirm they complied with the instruction not to fall asleep.

2.3. Data preprocessing
-----------------------

The rsfMRI data preprocessing steps were performed using the Data Processing Assistant for Rest-State fMRI (DPARSF) toolbox based on Statistical Parametric Mapping software (<http://www.fi.ion.ucl.ac.uk/spm>).^\[[@R27]\]^ The first 10 volumes of each participant were discarded for steady-state longitudinal magnetization, and the remaining 230 volumes were then corrected for the acquisition delay between slices. All functional volumes were realigned to the first volume to correct for head movement. No participants were excluded because they did not exceed ±2 mm translation or ±2° for rotation. Next, the functional images were spatially normalized to the standard Montreal Neurological Institute (MNI) template from statistical parametric mapping and resliced at a resolution of 3 × 3 × 3 mm^3^. Smoothing was performed with a 4-mm full width at half maximum (FWHM) isotropic Gaussian kernel.^\[[@R20],[@R22]\]^ Six movement parameters and the averaged signals from white matter and cerebrospinal fluid were also removed as covariates. We further calculated the mean frame-wise displacement (FD) to measure the microhead motion of each subject. Finally, temporal bandpass filtering (0.01--0.08 Hz) was applied to reduce possible low-frequency drift and high-frequency noise, and the resulting volumes were further detrended to remove the linear trends.

2.4. VMHC analysis
------------------

Next, homotopic functional connectivity was applied using the Pearson correlation coefficient between each voxel\'s residual time series and its mirrored symmetrical counterpart in the opposite hemisphere based on a symmetric gray brain mask. Then, VMHC maps were Fisher *z*-transformed to improve their normality.

2.5. Statistical analysis
-------------------------

For clinical variables, the group differences were examined independently by the 2-sample *t* test or the Chi-squared test (*P* \< .05). Group comparisons of global VMHC were performed using 2-sample *t* tests between the healthy participants with insomnia symptoms and healthy participants without insomnia symptoms without HAMA and adjusted HAMD as covariates. The significance levels were set at *P* \< .05 (combined height threshold *P* \< .05 and a minimum cluster size 85). A statistical corrected threshold of *P* \< .05 within the whole-brain mask (size: 276,133 mm^3^) was used in Monte Carlo simulations (parameters: single voxel *P* = .05, FWHMx = 6.684 mm, FWHMy = 7.558 mm, FWHMz = 7.793 mm, cluster size = 8991 mm^3^ (333 voxels), and 1000 iterations). Further, group differences with HAMA and adjusted HAMD as covariates were also performed using 2-sample *t* tests. A statistical corrected threshold of *P* \< .05 within the whole-brain mask (size: 276,133 mm^3^) was also used in Monte Carlo simulations (parameters: single voxel *P* = .05, FWHMx = 6.499 mm, FWHMy = 7.097 mm, FWHMz = 7.433 mm, cluster size = 7587 mm^3^ (281 voxels), and 1000 iterations). Whole-brain voxel-based Pearson correlation analyses were used to investigate the correlation between the VMHC values and the various clinical measures in all healthy participants. The significance levels were set at *P* \< .05 (combined height threshold *P* \< .05 and a minimum cluster size 85). "REST Slice Viewer" reports cluster information, including the number of voxels, peak coordinates (in MNI system), anatomical term of location, and Brodmann areas based on "xjview" (by Xu Cui, [http://www. alivelearn.net/xjview/](http://www.%20alivelearn.net/xjview/)).

3. Results
==========

3.1. Demographic and clinical data
----------------------------------

As shown in Table [1](#T1){ref-type="table"}, there were no significant differences in the participants' ages, sex, and educational level (all *P* \> .05) between the 2 groups. However, there were significant differences in sleep disturbance scores, adjusted HAMD, and HAMA scores between the 2 groups (*P* \< .05).

###### 

Group demographics and clinical measures.
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3.2. Group differences in VMHC
------------------------------

The healthy participants with insomnia symptoms revealed 10 clusters with significantly increased VMHC in the bilateral thalamus/posterior insula (including anterior insula), fusiform, middle cingulate gyrus, inferior parietal lobe, and postcentral gyrus relative to healthy participants without insomnia symptoms (Table [2](#T2){ref-type="table"}). The thalamus/posterior insula (including anterior insula) and fusiform, which are the main findings of the present work, can also survive using voxels with *P* \< .05 and cluster size \>8181 mm^3^ (303 voxels) (corrected) (Fig. [1](#F1){ref-type="fig"}A). After regressing out the HAMA and adjusted HAMD, the healthy participants with insomnia symptoms revealed increased VMHC in the bilateral fusiform, thalamus/posterior insula (without anterior insula), and middle cingulate gyrus relative to healthy participants without insomnia symptoms using voxels with *P* \< .05 and cluster size \>7587 mm^3^ (281 voxels) (corrected) (Fig. [1](#F1){ref-type="fig"}B).

###### 

VMHC comparisons between healthy participants with insomnia symptoms (HC-insomnia) and healthy participants without insomnia symptoms (HC-non).
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![(A) Group comparisons of global VMHC between the healthy participants with insomnia symptoms and healthy participants without insomnia symptoms without HAMA and adjusted HAMD as covariates. (B) Group comparisons of global VMHC between the healthy participants with insomnia symptoms and healthy participants without insomnia symptoms with HAMA and adjusted HAMD as covariates. HAMA = Hamilton Anxiety Rating Scale, HAMD = Hamilton Depression Rating Scale, VMHC = voxel-mirrored homotopic connectivity.](medi-96-e7037-g003){#F1}

3.3. Correlations between VMHC and clinical data in all healthy participants
----------------------------------------------------------------------------

We found significant positive correlations between regional VMHC values in the bilateral ACC (containing the superior frontal gyrus) and sleep disturbance scores (*r* = 0.57, *P* = .00) in all healthy participant groups (Fig. [2](#F2){ref-type="fig"}). The positive correlations were also confirmed in the healthy participants with insomnia symptoms group (*r* = 0.42, *P* = .03) (Fig. [2](#F2){ref-type="fig"}). We found no correlation between VMHC values and adjusted HAMD scores or HAMA scores.

![(A) Voxel-wise correlation between the VMHC values in bilateral anterior cingulate cortex (ACC) and sleep disturbance scores in all healthy participants. (B) The scatterplots of the VMHC values in left ACC (peak coordinate: −6, −6, 69; cluster size: 93) or right ACC (peak coordinate: 6, −6, 69; cluster size: 94) and sleep disturbance scores in all healthy participants. The mean VMHC values were extracted from the whole-brain voxel-wise correlation analysis of the bilateral ACC. L = left, R = right, red = no insomnia, VMHC = voxel-mirrored homotopic connectivity, yellow = insomnia.](medi-96-e7037-g004){#F2}

4. Discussion
=============

Here, VMHC was applied for the first time to investigate interhemispheric coordination of healthy participants with insomnia symptoms. Significant increases in VMHC were found in the bilateral thalamus/posterior insula (including anterior insula), fusiform, middle cingulate gyrus, inferior parietal lobe, and postcentral gyrus in healthy participants with insomnia symptoms. Further analysis revealed significant positive correlations between VMHC in the ACC and sleep disturbance score in all healthy participants. These VMHC variations may provide empirical evidence for interhemispheric coordination dysfunctions within the salience network, the hyperarousal network, and the DMN in healthy participants with insomnia symptoms.

Consistent with our expectations, the thalamus/posterior insula, as well as the junction between the pons and the prefrontal cortex, is recognized as the core region of the hyperarousal network, which are key structures for the regulation of sleep and wakefulness.^\[[@R28]\]^ Importantly, the thalamus mediates bottom-up arousal by means of inputting from the brainstem or middle brain and projecting to cortical areas.^\[[@R29]\]^ Insomnia mechanisms modulating the arousal network has been suggested from the thalamus.^\[[@R30]--[@R32]\]^ Zhu et al^\[[@R21]\]^ reveal a significant increase in VMHC in the thalamus in 28 healthy participants after a total night of sleep deprivation. Li et al.^\[[@R18]\]^ find reduced fractional anisotropy in the thalamus, as well as negative correlation between fractional anisotropy in the thalamus and disease duration, in primary insomnia. Allen et al^\[[@R33]\]^ find increased thalamic Gln plus Glu (Glx)/creatine/phosphocreatine (Cr) in patients with restless legs, which is correlated with the wake time during the sleep period. Under the sleep deprivation condition, Gao et al^\[[@R34]\]^ find significant activations in the thalamus in both the Sham group with acupuncture and sleep deprivation group with acupuncture on Sanyinjiao acupoint (SP6), suggesting compensation of maintaining awareness and alertness (thalamus and pons) under extreme sleepy conditions. Huang et al^\[[@R35]\]^ also report decreased functional connectivity between the amygdala and thalamus in patients with primary insomnia during resting state. Liu et al^\[[@R12]\]^ report that healthy adults with insomnia symptoms have decreased fALFF in the left thalamus and pons relative to healthy adults without insomnia symptoms in the resting state. The decreased regional fluctuations in the thalamus and increased intra-thalamic connectivity found in our study may reflect the compensatory involvement of the bilateral thalamus to maintain cognitive performance when arousal is low in insomnia.^\[[@R20]\]^ Converging evidence from task fMRI,^\[[@R36]\]^ resting-state fMRI,^\[[@R12],[@R37]\]^ spectroscopy MRI,^\[[@R33]\]^ and structural MRI^\[[@R20]\]^ as listed above suggest that dysfunction in the bilateral thalamus may be involved in the biological basis of insomnia, which is particularly critical because important constituents of the biologic clock are located in the thalamus.^\[[@R38]\]^ Importantly, the increased VMHC in the right posterior insula closer to the thalamus was correlated with adjusted HAMD scores. This is reasonable because the thalamus is a vulnerable brain area that is affected in various fMRI studies of depression.^\[[@R38],[@R39]\]^

We also found increased VMHC in the bilateral anterior insula, which are key nodes within the salience network.^\[[@R40]\]^ The salience network is thought to be involved in multiple functions, ranging from processing of sensory information and integrating external sensory stimuli with internal states to guide behavior.^\[[@R15],[@R40]\]^ Using source modeling of high-density EEG, Murphy et al^\[[@R39]\]^ reveal that sleep slow waves preferentially originate in the anterior insula, travel along the anterior--posterior axis, and propagate along the cingulate. Aberrant insula within salience networks has been reported in normal subjects after sleep deprivation and patients with primary insomnia, suggesting that these networks contribute to the neural circuitry underlying insomnia. For example, Gao et al^\[[@R34]\]^ show significantly increased regional brain activity in the bilateral insula in 16 healthy volunteers after sleep deprivation with acupuncture on SP6. Using a dual regression approach with simultaneous fMRI and EEG, Chen et al^\[[@R16]\]^ demonstrate increased bilateral anterior insula regional activity, as well as insula-associated high-frequency γ frequency, in insomniacs. Using making immediate and smaller (impulsive) monetary choices during a delay discounting task, Martin et al^\[[@R40]\]^ demonstrate significantly lower brain activation in the right inferior frontal gyrus and bilateral insula in poor quality sleepers compared to the baseline condition. Using regional homogeneity analysis, Wang et al^\[[@R41]\]^ present increased regional spontaneous activities in the left insula in primary insomnia patients, which are positively correlated with HAMA scores. After regressing out the HAMA and adjusted HAMD, the increased VMHC in the anterior insula will disappear in healthy participants with insomnia symptoms. The results from both Wang et al^\[[@R41]\]^ and Liu et al^\[[@R12]\]^ suggest that the increased VMHC in the bilateral anterior insula may be part of the underlying neurobiological mechanisms for anxiety in sleep initiation.

The ACC is the core brain region of the DMN, which is involved in affective control, decision making, and evaluation of the self-relevance of rewards.^\[[@R42]--[@R44]\]^ It has been frequently reported that primary insomnia includes impaired neuropsychological performance in tests involving the prefrontal cortex.^\[[@R4]\]^ In our study, positive association between the VMHC of the bilateral ACC and sleep disturbance scores are somewhat consistent with research by Suh et al. (2016),^\[[@R13]\]^ which demonstrates that decreased structural covariance with the DMN is associated with low sleep quality index in patients with persistent insomnia. This may reflect adaptive cognitive functioning in sleep disruption, in which the MFG may become increased in an effort to compensate for the malfunction or structural damage within the DMN.

We also found increased VMHC in the bilateral fusiform in healthy participants with insomnia symptoms. Increased regional homogeneity in brain activity in these regions in chronic primary insomnia during the resting state has also been reported in the literature.^\[[@R45]\]^ Regional alterations in relative glucose metabolism in the left fusiform in primary insomnia during waking and nonrapid eye movement sleep states have also been reported by Kay et al.^\[[@R46]\]^ The fusiform gyrus belongs to the visual network, which is responsible for processing words and colors, as well as face identification, and may play a regulative role in mood disorder.^\[[@R47]\]^ Our findings suggest that the fusiform gyrus could be useful for indexing the extent of insomnia traits and anxiety state, and the hyperarousal reactivity of insomnia symptoms may contribute to changes in increased activity in the fusiform gyrus.

The increased interhemispheric synchrony or homotopy in specific brain regions, such as the thalamus and postcentral gyrus, has been associated with sleep deprivation^\[[@R21]\]^ and studies have shown increased connectivity between insula and emotion-related regions and decreased connectivity between insula and cognitive-related regions in primary insomnia patients.^\[[@R48]\]^ Since VMHC can reflect interhemispheric disturbance of functional coordination for high-level functions, such as cognitive control, interoception, and emotion regulation,^\[[@R49],[@R50]\]^ it may provide more complete evidence for interhemispheric disconnection associated with insomnia.^\[[@R20],[@R51]\]^ A recent meta-analysis study has showed increased bilateral thalamic activation and reduced frontal-parietal activation following sleep deprivation.^\[[@R6]\]^ In the present study, we revealed increased VMHC in the bilateral thalamus/posterior insula (including anterior insula), fusiform, middle cingulate gyrus, inferior parietal lobe, and postcentral gyrus in healthy participants with sleep disturbance. According to increased VMHC induced by sleep deprivation^\[[@R21]\]^ and reduced frontal--parietal activation after sleep deprivation,^\[[@R6]\]^ our results might reflect compensatory adaptation for dysfunction of the cognitive network after sleep disturbance. Obviously, a more comprehensive task design is needed to test this hypothesis.

Nardo et al^\[[@R52]\]^ investigated both structural and functional alterations and demonstrated reduced gray matter volume in anterior and posterior insula and increased regional cerebral blood flow in posterior insula in posttraumatic stress disorder (PTSD) with higher insomnia/nightmares symptoms. Importantly, our VMHC results largely overlap with regions reported in Nardo et al.^\[[@R52]\]^ This indicates that PTSD and insomnia share a substantial neurobiological substrate.^\[[@R53]\]^ A noticeable difference between our current findings and those reported by Nardo et al^\[[@R52]\]^ concerns the insular subregion. The dorsal anterior insula is believed to be involved in appraisal and expression of negative emotion^\[[@R54]\]^ and the posterior insula is more related to interoception and emotion-related bodily sensation.^\[[@R55]\]^ Hence, our finding of increased VMHC in the bilateral thalamus/posterior insula (without anterior insula) with the HAMA and adjusted HAMD as covariate might be associated with negative bodily sensations, which in turn might contribute to sleep symptoms and the bilateral thalamus/posterior insula (including anterior insula) without the HAMA and adjusted HAMD might reflect compensatory mechanism for emotional processing. Therefore, our findings do not conflict with or replicate Nardo et al^\[[@R52]\]^ studies.

We acknowledge that there are several limitations associated with our study. First, the group\'s size was relatively small. Second, additional neuropsychological tests (e.g., the Pittsburgh sleep quality test or Duke structured interview for sleep disorders) are also needed. Third, heartbeat and breathing physiological noise should be recorded in the future studies. Fourth, no voxel-based morphometry or white matter diffusivity was analyzed. Despite these limitations, the current findings suggest that healthy participants with insomnia symptoms can impact the interhemispheric information interactions at resting state, and the VMHC deficits may play an important role in function impairments of insomnia.

5. Conclusions
==============

Insomnia symptoms were characterized by increased functional synchronization in multiple brain regions. Significantly increased VMHC values in the bilateral thalamus/posterior insula (including anterior insula), fusiform, middle cingulate gyrus, inferior parietal lobe, and postcentral gyrus suggest that insomnia is associated with interhemispheric information interaction deficits of brain regions involved in hyperarousal (thalamus/posterior insula), salience (anterior insula), self-referential processes (ACC), and the visual (fusiform) network at resting state. Although replication is warranted, the VMHC deficits in these networks, especially the hyperarousal network, should be the to-be-tested psychosocial function impairments under insomnia models in the future.

Abbreviations: ACC = anterior cingulate cortex, BOLD = blood oxygen level dependent, DMN = default mode network, DPARSF = Data Processing Assistant for Rest-State fMRI, EEG = electroencephalography, EPI = echo-planar imaging, fALFFs = fractional amplitude of low frequency fluctuations, FD = frame-wise displacement, fMRI = functional magnetic resonance imaging, FOV = field of view, FWHM = full width at half maximum, HAMA = Hamilton Anxiety Rating Scale, HAMD = Hamilton Depression Rating Scale, MFG = medial frontal gyrus, MNI = Montreal Neurological Institute, MRI = magnetic resonance imaging, rsfMRI = resting-state functional magnetic resonance imaging, SCID = Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), SP6 = Sanyinjiao acupoint, TE = time echo, TR = time repetition, VMHC = voxel-mirrored homotopic connectivity.
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